mTOR (mammalian target of rapamycin) is a protein kinase that regulates cell cycle progression and cell growth. Rapamycin is a highly specific inhibitor of mTOR in clinical trials for the treatment of breast and other cancers. mTOR signaling was reported to require phosphatidic acid (PA), the metabolic product of phospholipase D (PLD). PLD, like mTOR, has been implicated in survival signaling and the regulation of cell cycle progression. PLD activity is frequently elevated in breast cancer. We have investigated the effect of rapamycin on breast cancer cell lines with different levels of PLD activity. MCF-7 cells, with relatively low levels of PLD activity, were highly sensitive to the growth-arresting effects of rapamycin, whereas MDA-MB-231 cells, with a 10-fold higher PLD activity than MCF-7 cells, were highly resistant to rapamycin. Elevating PLD activity in MCF-7 cells led to rapamycin resistance; and inhibition of PLD activity in MDA-MB-231 cells increased rapamycin sensitivity. Elevated PLD activity in MCF-7 cells also caused rapamycin resistance for S6 kinase phosphorylation and serum-induced Myc expression. These data implicate mTOR as a critical target for survival signals generated by PLD and suggest that PLD levels in breast cancer could be a valuable indicator of the likely efficacy of rapamycin treatment.
mTOR (mammalian target of rapamycin, also known as FRAP, RAFT, or RAPT) (Brown et al., 1994; Chiu et al., 1994; Sabatini et al., 1994; Sabers et al., 1995) is a protein kinase that regulates cell cycle progression and cell growth (Kuruvilla and Schreiber, 1999; Schmelzie and Hall, 2000) . Rapamycin, a highly specific inhibitor of mTOR (Cafferkey et al., 1993; Brown et al., 1994; Sabatini et al., 1994) , has been widely used to block cell proliferation and is in clinical trials for the treatment of breast and other cancers (Hidalgo and Rowinsky, 2000) . Rapamycin acts by binding to the immunophilin FK506-binding protein 12 (FKBP12), which then binds mTOR and inhibits its function in a poorly understood fashion (Chen and Fang, 2002) . It was recently reported that mTOR requires phosphatidic acid (PA) for activation and that PA interacts with the FKBP12-rapamycinbinding (FRB) domain of mTOR (Fang et al., 2001; Chen and Fang, 2002) . It was proposed that rapamycin competes with PA binding to mTOR (Fang et al., 2001) . PA is generated in response to mitogenic signals by the phospholipase D (PLD)-catalyzed hydrolysis of phosphatidylcholine to PA and choline (Exton, 1999) . PLD is elevated in response to most mitogenic signals and has been reported to prevent cell cycle arrest and apoptosis (Joseph et al., 2002) , and to transform fully cells with weakly transformed phenotypes (Lu et al., 2000; Joseph et al., 2001; Min et al., 2001) . PLD has also been reported to be elevated in a majority of breast cancer (Noh et al., 2000) . We have investigated the effect of rapamycin in breast cancer cell lines with different levels of PLD activity and provide evidence that elevated PLD activity leads to rapamycin resistance in breast cancer cells.
Rapamycin resistance in breast cancer cells correlates with the level of PLD activity
Rapamycin has been reported to have differential efficacy on the proliferation of breast cancer cell lines (Yu et al., 2002) . We examined the effect of rapamycin upon MCF-7, MDA-MB-231, and a fast growing MCF-7 cell line variant (MCF-7R). As shown in Figure 1a , the proliferation of MCF-7 cells was sensitive to low nanomolar concentrations of rapamycin, whereas MDA-MB-231 cell proliferation was resistant to micromolar concentrations of rapamycin. The MCF-7R cells had an intermediate sensitivity to rapamycin. The IC 50 for rapamycin on the MCF-7 cells was about 20 nm, whereas the IC 50 for the MDA-MB-231 cells was about 10 mm; the MCF-7R cells had an IC 50 of about 600 nm (Figure 1b) . PLD activity in these cells was then determined, and as shown in Figure 1c , the level of PLD activity in the three cell lines correlated with the resistance to rapamycin, with the MDA-MB-231 cells having 10-fold greater PLD activity than the MCF-7 cells. The fast growing MCF-7R cells had fivefold elevated PLD activity relative to the MCF-7 cells. These data are consistent with the hypothesis that elevated PA generated by PLD is competing with rapamycin for mTOR (Fang et al., 2001; Chen and Fang, 2002) .
Elevated PLD activity in MCF-7 cells confers resistance to rapamycin
Data presented in Figure 1 showed that MCF-7R cells with elevated PLD activity were resistant to rapamycin. To test whether it was the PLD activity that conferred the resistance to rapamycin, an expression vector for PLD2 was transiently transfected into the rapamycinsensitive MCF-7 cells. PLD2 was used in these studies because PLD2 expression is tolerated better than PLD1 (Joseph et al., 2001; Shen et al., 2001) . However as described previously, both PLD1 and PLD2 transform cells with overexpressed tyrosine kinase (Joseph et al., 2001) . Transient expression of PLD2 in MCF-7 cells resulted in a threefold increase in PLD activity ( Figure 2a ). This also resulted in an increased resistance to rapamycin (Figure 2b ) as indicated by a 10-fold increase in IC 50 for the inhibition of cell proliferation ( Figure 2c ). These data further suggest that elevated PLD activity leads to rapamycin resistance and indicate that the increased rapamycin resistance seen in the MCF-7R cells was likely because of the elevated PLD activity in these cells.
Suppression of PLD activity in MDA-MB-231 cells confers sensitivity to rapamycin
We next investigated whether inhibiting PLD activity in the rapamycin-resistant MDA-MB-231 cells could increase the sensitivity to rapamycin. Catalytically inactive mutants of PLD have been generated ), which we have used previously as dominant negative mutants to block PLD signaling (Shen et al., 2001) . Introduction of the catalytically inactive PLD2 mutant into the MDA-MB-231 cells reduced the PLD activity in MDA-MB-231 cells by greater than 60% (Figure 3a) . Along with this reduction in PLD activity, resistance to rapamycin was reduced ( Figure 3b ) as indicated by a reduction in the IC 50 from 10 mm to 100 nm (Figure 3c ). Thus reducing PLD activity in the MDA-MB-231 cells increased sensitivity to rapamycin.
Rapamycin inhibition of S6 kinase phosphorylation and c-Myc expression is overcome by elevated PLD activity PA was reported previously to activate ribosomal subunit S6 kinase (S6K) (Fang et al., 2001) . We therefore examined the effect of rapamycin upon the phosphorylation of S6K in MCF-7 and MDA-MB-231 cells. In Figure 4a , it can be seen that S6K phosphorylation was blocked by rapamycin at about 20 nm in MDA-MB-231 cells; whereas in MCF-7 cells it was similarly blocked at about 0.5 nm rapamycin (Figure 4b) . Introduction of the catalytically inactive PLD2 into the At 2 days later, metabolically active cells were determined using Promega's CellTiter 96 AQueous cell proliferation assay according to the manufacturer's protocol (Promega) and described by Yu et al. (2002) . The effect of rapamycin on cell proliferation was calculated as the percentage of metabolically active cells relative to the untreated controls, which were given a value of 100%. The data shown are the average of three independent experiments with error bars representing the standard deviation. (b) IC 50 values, the concentration of rapamycin required to inhibit proliferation by 50%, were averaged over three independent experiments. Error bars represent the standard deviation. (c) PLD activity in the MCF-7, MCF-7R, and MDA-MB 231 cells was determined as described previously (Shen et al., 2001) . The PLD activity in the cell lines were normalized to that in MCF-7 cells, which was given a value of 1. Error bars represent the standard deviation for three independent experiments After 24 h, the cells were transfected with either pCGN-mPLD2, which expresses wild-type PLD2 (Colley et al., 1997) or the pCGN empty vector. After 30 h, cells were placed in media containing 0.5% bovine calf serum overnight and the relative PLD activity in the MCF-7 cells transfected with pCGN-mPLD2 relative to those transfected with the empty vector was determined as in Figure 1 . The data were normalized to the PLD activity in the MCF-7 cells transfected with the empty vector, which was given a value of 1. (b) MCF-7 cells were plated in 96-well culture plates at 6000 cells per well. After 24 h, the cells were transiently transfected with either pCGNmPLD2 or the pCGN empty vector. After 3 h, rapamycin was added at increasing concentrations and the effect of rapamycin on cell proliferation was calculated as the percentage of metabolically active cells relative to the untreated controls, which were given a value of 100% as in Figure 1 After 24 h, the cells were transfected with either pCGN-mPLD2-K758R, which expresses a catalytically inactive PLD2 (Colley et al., 1997) or the pCGN empty vector. 30 h later, cells were placed in media containing 0.5% bovine calf serum overnight and the relative PLD activity in the MDA-MB-231 cells transfected with pCGN-mPLD2-K758R relative to those transfected with the empty vector was determined as in Figure 1 . The data were normalized to the PLD activity in the MDA-MB-231 cells transfected with the empty vector, which was given a value of 1. (b) MDA-MB-231 cells were plated in 96-well culture plates at 3000 cells per well. After 24 h, the cells were transiently transfected with either pCGN-mPLD2-K758R or the pCGN empty vector. After 3 h, later rapamycin was added at increasing concentrations and the effect of rapamycin on cell proliferation was calculated as the percentage of metabolically active cells relative to the untreated controls, which were given a value of 100% as in Figures 1 and 2 Figure 4a) ; and introduction of wild-type PLD2 into MCF-7 cells increased resistance to rapamycin (Figure 4b ). For reasons that are not clear, S6K phosphorylation is more sensitive to rapamycin than is proliferation. While S6K phosphorylation was more sensitive to rapamycin than proliferation, the cells were still able to proliferate, indicating that the effect of rapamycin upon S6K phosphorylation was not sufficient to block translation or cell growth. The nature of the differential effect of rapamycin on proliferation and S6K phosphorylation may reflect differential effects of the rapamycin on different downstream targets of mTOR.
Expression of Myc is critical for progression through the cell cycle and for cell proliferation (Grandori et al., 2000) . Moreover, mTOR has been implicated in Myc expression (West et al., 1998) . The sensitivity of c-Myc expression to rapamycin was examined in the MCF-7, MCF-7R and MDA-MB-231 cells. As shown in Figure 4c , c-Myc expression in the absence of serum was detected in the MCF-7R and MDA-MB-231 cells, but not in the MCF-7 cells. In the MCF-7 cells, seruminduced c-Myc expression and this induction was sensitive to 50 nm rapamycin (Figure 4a ). In the MCF-7R cells, serum-induced c-Myc expression was resistant to 50 nm rapamycin. c-Myc expression in the MDA-MB-231 cells was completely insensitive to 50 nm rapamycin (Figure 4c ). When PLD2 was introduced into the MCF-7 cells, the serum-induced induction of Myc became resistant to 50 nm rapamycin (Figure 4d ). There was also a slight increase in Myc expression in the absence of serum when PLD2 was introduced. The concentration of rapamycin required for the inhibition of Myc expression was closer to that required to inhibit proliferation than for the inhibition of S6K observed above in Figure 4a and b. The data in Figure 4 provide evidence that in addition to inhibiting the effects of rapamycin upon cell proliferation, PLD also interferes with the ability of rapamycin to inhibit S6K phosphorylation and the expression of a gene that is critical for cell proliferation.
The evidence provided in this report demonstrates that elevated PLD activity leads to rapamycin resistance in human breast cancer cells. Other mechanisms of resistance to rapamycin have been described previously (Huang and Houghton, 2001) . Mutations that prevent rapamycin from interacting with either FKBP12 or mTOR can confer resistance, as can mutations to downstream targets of mTOR. However, most mutations of this nature would be loss of function mutations and should, in principle, require two mutations and therefore be relatively rare. Elevation of PLD activity is a gain of function and therefore should only require mutations to a single allele of either PLD or to a regulator of PLD. In breast cancer, where rapamycin is in clinical trials (Hidalgo and Rowinsky, 2000) , PLD activity was found to be elevated in a substantial majority of the cases examined (Noh et al., 2000) . Thus, it would be predicted that rapamycin would not be as effective in cases where there was elevated PLD activity. -7) , or the pCGN empty vector. The next day, cells were placed in media containing 0.5% serum with increasing concentrations of rapamycin for 16 h as indicated. Cell extracts were prepared and analysed for phosphorylated S6K or S6K protein by Western blot analysis as described previously (Shen et al., 2001) . Antibodies specific for S6K and phosphorylated S6K (Thr389) were obtained from Cell Signaling Technology. The data presented in a and b are representative experiments repeated twice. (c) MCF-7 cells were plated at 2 Â 10 5 cells per 60 mm culture dish; MCF-7R cells and MDA-MB-231cells were plated at 10 5 cells per 60 mm culture dish. After 2 days, cells were placed in serum-free media for 24 h. Serum was then added, where indicated, to a final concentration of 10%. The cells were incubated for an additional 4 h with or without rapamycin (50 nm) (rapamycin was added 15 min before serum stimulation). Levels of c-Myc were determined by subjecting cell lysates to Western blot analysis using an anti-Myc antibody (Santa Cruz Biotechnology). Interestingly, rapamycin has been reported to be especially effective in cells where the phosphatidylinositol-3-kinase (PI3K)/Akt survival pathway is activated (Aoki et al., 2001; Mills et al., 2001; Neshat et al., 2001; Podsypanina et al., 2001) , which also occurs frequently in breast cancer (Fry, 2001) . Since Akt phosphorylation and PLD activity/protein levels are easily determined, the status of PI3K/Akt signaling and PLD levels in a given breast cancer should give a good molecular indication of the likely efficacy of rapamycin. PLD activity is elevated in cells transformed by v-Src (Song et al., 1991 ), v-Ras (Jiang et al., 1995a , and v-Raf . PLD activity is also elevated in response to mitogens including platelet-derived growth factor (Plevin et al., 1991) , epidermal growth factor (Song et al., 1994) , and insulin (Shome et al., 1997) . More recently, PLD activity has been shown to cooperate with overexpression of a tyrosine kinase to transform rat fibroblasts (Lu et al., 2000; Joseph et al., 2001) and to overcome cell cycle arrest and apoptosis in cells with high-intensity Raf signals (Joseph et al., 2002) . In addition, many proteins that regulate PLD activity have also been implicated in regulating cell cycle progression and cell transformation, including RalA (Jiang et al., 1995b) , Rho family GTPases (Exton, 1999) , and PKC a (Hornia et al., 1999) . Thus, evidence supporting a role for PLD in regulating both growth factor-and oncogene-induced cell proliferation is substantial, and therefore the elevation of PLD activity in a majority of breast cancer tissues examined (Noh et al., 2000) is likely a contributing factor in breast cancer progression.
While much is known about upstream regulation of PLD, relevant downstream PLD targets have been difficult to establish. Downstream targets of PA have been described including phosphatidylinositol-4-phosphate-5-kinase (Moritz et al., 1992; Jenkins et al., 1994) and Raf (Ghosh et al., 1996; Rizzo et al., 1999) . While impacting upon Raf activation may certainly contribute to the mitogenic properties of PLD, the ability of PLD to suppress cell cycle arrest and overcome apoptosis (Joseph et al., 2002) suggests that PLD is providing a survival signal not usually attributed to Raf. Thus, the recent demonstration of a PA requirement for mTOR activation (Fang et al., 2001 ) may be highly significant, since mTOR is a target of survival signals generated by the PI3K/Akt survival pathway (Nave et al., 1999; Sekulic et al., 2000) . Since both PLD and mTOR have been implicated in survival signaling and there is a PLD requirement for mTOR activation, mTOR is a strong candidate for a downstream target of PLD responsible for the survival signals generated by PLD.
It could be speculated that the elevated PLD activity in MDA-MB-231 cells is providing an alternative survival signal to the PI3K/Akt pathway by activating mTOR or perhaps by potentiating weak PI3K/Akt signals. PTEN negatively regulates the PI3K/Akt pathway by dephosphorylating PIP3, and is frequently lost in breast as well other cancers (Cantley and Neel, 1999) . In this regard, it is of importance that the MDA-MB-231 cells still have a functional PTEN. It was reported recently that the secretion of TGF b by these cells suppresses PTEN in these cells and increases the level of phosphorylated Akt (Lei et al., 2002) . Moreover, inhibition of PI3K in these cells induced apoptosis (Lei et al., 2002) . This suggested that the PI3K/Akt survival pathway plays a role in the survival of these cells. Similarly, we have found that inhibition of PLD activity in MDA-MB-231 cells leads to apoptosis (Zhong et al., 2003) . Thus, the elevated PLD activity in the MDA-MB-231 cells may potentiate a weak PI3K/Akt signal in these cells, which have functional PTEN (Yu et al., 2002; Lei et al., 2002) . Consistent with this hypothesis the level of Akt phosphorylation is substantially lower in the MDA-MB-231 cells relative to other breast cancer cell lines (Yu et al., 2002; our unpublished results) . Also of note is that the MCF-7 cells that have much lower levels of PLD activity, have substantially higher levels of Akt phosphorylation. Thus, at present, a model could be implied whereby increased levels of PA, generated by PLD, is required for the action of mTOR and works together with Akt. However, a high level of PLD could compensate for a weak Akt signal in cells such as MDA-MB-231, which have a functional PTEN. mTOR has been implicated in the regulation of Myc expression (West et al., 1998) , and in this report we have shown that elevated PLD activity leads to elevated Myc expression. Thus, since c-Myc expression is apparently a target of both mTOR and PLD, survival signals generated by a putative PLD/mTOR pathway may be targeting c-Myc which, like PLD, has been implicated in the regulation of cell cycle checkpoint control and suppression of apoptotic signals (Hueber and Evan, 1998; Zhong et al., 2003) . Estrogen also stimulates Myc expression in the estrogen receptor-positive MCF-7 breast cancer cell line (Santos et al., 1988) , and the induction of Myc by estrogen has been proposed to contribute to the mitogenic effects of estrogen in breast epithelia and in breast cancer progression (Prall et al., 1998) . Thus, it could be hypothesized that the elevated PLD activity, which like estrogen stimulates Myc expression in breast cancer cells, could contribute to loss of estrogen-dependent proliferation in tumor progression. Consistent with this hypothesis, MDA-MB-231 cells are estrogen receptor negative (Tsai et al., 2001; Yu et al., 2002) .
